In order to understand heat transfer mechanisms in the combustion chamber with multi-elements injector and provide benchmark data of wall heat fluxes for the CFD code validation, experiments were carried out in a GH2/GO2 heat-sink combustion chamber. To obtain the transient heat flux in the experiments, the LevenbergMarquardt method was modified and applied to the rocket combustion chamber based on the temperature measured by single coaxial thermocouple (Named "single-point method"). The comparison between the singlepoint method and the two-point method with temperatures measured in two points shows that the single-point method could be used as heat flux measurements of the heat-sink combustion chamber in engineering. Heat flux distribution was obtained in experimental conditions of different work time and chamber pressure by the modified method, feasibly and efficiently. For the transient variations of the heat flux, an inverse variation trend of heat flux to time in the cylindrical segment and the nozzle segment was observed. A typical variation of the averaged heat flux was obtained under the conditions with different chamber pressure and work time. The results of wall heat flux scaled with pressure to the power 0.8 can be uniformized for all pressure levels. The heat fluxes obtained in the cylindrical chamber and nozzle section may be applied for the life cycle prediction of rocket engines.
Introduction
Owing to the low launch cost and high reliability, the Reusable Launch Vehicle (RLV) has been widely studied all over the world for several decades (Taverna, 2001; Rasky and Pittman, 2006; Ragab and Cheatwood, 2015) . The highperformance rocket engine with long life cycle is an important part of the reusable rocket, which has been regarded as the main candidate of the RLV in recent years (Hunter and Hutt, 2003) . High combustion pressure, which generates high hot-gas-side wall heat flux, is requisite for the high-performance rocket engine (Sutton, 2003; Sutton, 2015) . The extreme heat flux levels result in high temperature differences across the thrust chamber wall. Consequently, large deformation of chamber wall material occurs, and it directly affects the life cycle of the engine (Sung et al., 2003) . Therefore, it is necessary for the engine design to obtain the accurate heat loads of the chamber wall.
Much work has been carried out to acquire the heat loads of the thrust chamber wall. The traditional method based on one-dimensional analysis with empirical equations (Bartz, 1957) ignores the circumferential discrepancies of the wall temperature and heat flux, and the results have serious deviation. Computational Fluid Dynamics (CFD) is regarded as a potential technique with high efficiency and low cost to obtain detailed information about the heat transfer in the thrust chamber (Wang and Luong, 1994; Song and Sun, 2016) . But more sufficient verification is required for current CFD method before applying the results to the engineering design. Hence, there are still some needs on gaining heat flux experimental data which could be used as the heat loads of the subsequent thermal-structural analysis (Froechlich et al., 1993) .
A number of experimental investigations have been conducted on the wall heat flux of the thrust chamber. Marshall Wang, Sun, Xiang and Liu, Journal of Thermal Science and Technology, Vol.13, No.1 (2018) et al. (2002; obtained the axial distribution of experimental wall temperature and heat flux in a single-element injector combustor, and the results of the wall heat flux were used as a benchmark to validate the simulations of CFD methods (Tucker et al., 2008) . To investigate the two-dimensional heat transfer processes in the subscale combustion chamber with multi-element injector, Suslov et al. (2009) conducted experiments on a high-pressure subscale LOX/hydrogen combustor. Axial and circumferential distributions of heat loads at practical rocket engine operating conditions were obtained in their study by the gradient method, with which the heat flux is determined from the temperatures measured by the thermocouple pairs embedded in two or more points with different depths. The caloric method is also applied in the active cooling chambers to measure the average heat flux of the cooled section (Suslov et al., 2005) . The caloric method and the gradient method can only be used to the thrust chamber protected by actively cooling system because steady long time hot-run is required. Moreover, in the experiments with the caloric method, only the average heat flux of the cooled section can be obtained, while the local behavior of heat flux cannot be resolved. Many experiments have been conducted on the heat loads of unsteady heat-sink combustion chamber without actively cooling system (Jin et al., 2013) , because it is easy to be implemented. Conley et al. (2007) performed heat flux measurements on a heat-sink chamber, and a two-point method was employed. The results of their study pointed out the dependency of the heat flux to pressure and the mass flow rate of propellants. Wang et al. (Jin et al., 2013 ) also observed the pressure dependence of the heat flux from the experimental results obtained in a GO2/GH2 heat sink chamber with multi-element injectors. Locke et al. (2007) used a two-point method to measure the wall heat flux of the LOX/methane thrust chamber with different injectors. These studies covered different operational conditions and different kinds of propellants. However, few studies have been published on the transient variations and the distribution in the nozzle segment of the heat flux. More precise life prediction of the thrust chamber can be achieved with the transient heat flux (Riccius and Zametaev, 2002) . Furthermore, because the maximum heat flux locates in the region close to the nozzle throat, obtaining the heat loads in the nozzle section is crucial for the design of thermal protection systems.
In order to investigate the heat transfer characteristics of the thrust chamber with multi-element injectors, a method for transient heat flux measurements with single-point temperature history (the single-point method) is modified and applied to obtain the wall heat flux of a GO2/GH2 subscale combustion chamber. Hot tests were conducted in several operating conditions including different work time and chamber pressures in a heat-sink thrust chamber. The transient characteristics of the wall heat flux in the cylindrical part and nozzle section of the thrust chamber are analyzed in detail. Furthermore, the heat flux in different work time and chamber pressure conditions are comparatively discussed, including the transient variations and average values. The results in this study may be used as the benchmark data for the validation of CFD calculations, and the single-point method can be applied to the heat flux measurement of the thrust chamber in engineering.
Experimental apparatus and specimen 2.1 Experimental apparatus
All the hot tests of heat-sink chamber were performed using the test facility of the laboratory at the Department of Aerospace Propulsion. This laboratory is established for the research of heat transfer and life cycle of reusable thrust chambers. The test facility is composed of a gases supply system, a cooling water supply system, a measure and control room, and a test cell.
The schematic diagram of the gases and cooling water supply system is shown in Fig. 1 . The gases included the propellants and nitrogen are supplied via high-pressure gas tanks whose pressure can be regulated from 0 to 20 MPa. This pressure fed system provides sufficient propellants for at least ten tests with each hot-run time limited to 10 s. The nitrogen is used as the control gases for pressure regulator and purge gases for the hydrogen pipeline. The cooling water is supplied through a pump fed system, and the mass flow rate of water can be adjusted from 0 to 4 kg/s in experiments.
A GH2/GO2 torch igniter fired by a spark plug was employed in experiments. The pressure of the igniter chamber is about 2.5MPa with mass flow rate of 4.9 g/s and propellant mixture ratio of 1.0. The igniter started to work 1.0 s before the propellants were injected into the combustion chamber and hold 1.7 s until shutdown. Fig. 2 shows the schematic diagram of the experimental heat-sink combustion chamber used in this study. The geometry parameters are presented in Table 1 . Stable operating conditions for the chamber with pressure 1MPa to 3MPa and propellant mixture ratio of six could be guaranteed through changing the mass flow rate of the propellants.
Experimental chamber and operating conditions
The combustion chamber fundamentally consists of a chamber head, a multi-element injector, a water-cooled cylindrical segment, a heat-sink cylindrical segment (part A), and a heat-sink nozzle segment (part B). The modular design of the experimental thrust chamber makes it convenient to change the length and cooling method of experimental segments for different tests. Temperatures in part A and part B were measured in present experiments, considering the severe circumferential non-uniformity of heat load distributions in the near-injector region.
The propellants and ignition gases flow into the chamber head separately, and then mix and combust in the chamber. Fig. 3 shows that the injector contains seven coaxial injection elements with six in the outer circle and one in the center. The torch igniter locates in the center of the inner injector element. The water-cooled segment cooled by water flowing through 20 cooling channels was designed to protect the wall near the injectors. The channels are milled axial in the copper liner that is mechanically fitted with the steel outer jacket. A large mass flow rate (about 4 kg/s) of water is supplied to ensure sufficient cooling for the inner wall of this segment. Wang, Sun, Xiang and Liu, Journal of Thermal Science and Technology, Vol.13, No.1 (2018) 
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Part A is applied in experiments with two lengths: Short Heat-sink Cylindrical Segment (SHCS) and the Long Heatsink Cylindrical Segment (LHCS). Part B is the nozzle segment that is composed of a double-circular convergent section and a conical divergent section with angle of 15°. The radius of the two arcs are 87.5 mm and 20.7 mm, respectively. Fig.  2 shows the installation locations of the thermocouples in a cross-section of the chamber wall. From Fig. 3 , it can be seen that the wall temperatures in two typical locations (Line 1 and Line 2) were measured to display the difference caused by the injectors. In part A and B, two rows of wall thermocouples are arranged in different axial directions (see Fig. 2 ) with an azimuthal angle of 30°. Table 2 shows the distances of the thermocouples to the start of the nozzle in the axial direction. The springing system used in (Suslov et al., 2005 ) is adopted for the thermocouple implementation in present experiments in which a constant force of 13 N is provided by the springs. Table 3 gives an overview of all operating conditions. Cases 1-4 differ in work time, while Cases 5-7 differ in chamber pressure. Fig. 4 shows the temperature in one of the measured point and the experimental combustion pressure of Case 1. The pressure and temperature data are smoothed by the method of Butterworth (Selesnick and Burrus, 1996) to suppress noise caused by interference in which the cut-off frequency is 4 Hz. Three representative time intervals have been marked out in Fig. 4 : the time interval of initial state t1 (1.0 s to 1.4 s) that the materials remain the initial temperature, the time interval of hot-run state t2 (5.6 s to 6.0 s for operating condition of 3 s) at the end of the steady stage for pressure, and the time interval of shutdown state t3 (14.0 s to 14.4 s) in which the wall temperature remains approximately constant. 
Experimental data treatment
A data processing method is developed in this section to obtain the heat flux based on the Levenberg-Marquardt (L-M) algorithm (Marquardt, 1963; Fguiri et al., 2007) which is applicable to both linear and nonlinear inverse problems. The L-M algorithm is efficient for parameter estimation problems in which the unknown boundary condition is expressed as the parameters to be estimated and trial functions. In this study, it is a common nonlinear inverse problem to estimate the transient heat flux in the hot-gas-side wall through the temperature measurement in interior points. However, the L-M method takes large computational time when the trial function is complex and the transient heat flux values partly depend on the trial functions. To obtain the transient variations in the overall firing time, the L-M method is applied in small time intervals in which the unknown heat flux assumed to be constant.
Direct heat transfer solution
Because the heat flux in axial and circumferential directions is much smaller than that in the radial direction, the transient heat conduction of the thrust chamber wall can be simplified as one-dimensional processes in cylindrical coordinate system which is controlled by Eq. (1) (Jakob and Kezios, 1949) . For the tests performed in present experiment, the heat-sink chamber wall is thick enough and the temperature of the outer surface is approximately equal to environment temperature during the test. Therefore, the heat loss through outer surface is negligible, and the boundary condition in the outer surface is set to be adiabatic. The governing equation in this side can be written as Eq. (2) based on the heat balance analysis.
In the hot-gas side, a guessed heat flux condition ̇ is adopted in the direct solution and the heat balance equation is written as:
In addition, the initial temperature of the material is the temperature at the end of the last time interval except for the first time-interval, of which the initial temperature is defined as the environment temperature.
In order to obtain the transient heat flux, the hot-run time (0 to tend) is divided into small time intervals. The transient calculation process for each time intervals is treated as a relatively independent part, in which the same control equation (Eq. (1)) and boundary conditions (Eq. (2) and Eq. (3)) are used to obtain the temperature field. The central difference schemes in space with implicit format is used to integrate Eq. (1) in view of the stiffness of the heat conduction equation.
Inverse solution
In each time interval tk-1 to tk, the L-M method is used to estimate the heat flux ̇. The L-M algorithm is based on minimization of the squared error between the calculated temperatures and the measured values. In the case of constant heat flux condition, only one unknown parameter to be estimated. The detail of the processes can be found in (Fguiri et al. 2007 ). The single-point temperature histories shown in Fig. 4 would be used as input data for the method. Fig. 6 shows the calculation flowchart of the single-point method.
With the calculation process mentioned above, the heat fluxes from the hot gas to the inner wall in all time intervals are calculated. The curves of the transient heat flux can be obtained by the linear interpolation of the discrete values. Furthermore, the transient temperature in the inner wall can be calculated when the obtained transient heat flux is applied for the boundary condition. 
Results and discussion 3.1 Error analysis
Error analysis are conducted to evaluate the response degree of the target component from dependent variable with the measurement error. In this study, the heat flux of the inner wall is the target component, and the temperature as well as the location of the thermocouple is measured during the experiments. The customized K-Type thermocouples used in this study make temperature measurements to a precision of plus or minus 0.4%. The measurement precision of the location of the thermocouple is plus or minus 0.1 mm.
In order to evaluate the error caused by the temperature measurements, a calculation was carried out with temperature errors of plus or minus 5% in view of the distinction of the results. As shown in Fig. 7 , the percentage deviations of the heat flux are the same as the temperature errors. As known from the calculation, the position of the thermocouple is independent on the interaction between the temperature and heat flux. These results indicate that the measurement error of temperature would propagate to the heat flux without being strengthened or weakened. Therefore, the error caused by the temperature measurements is plus or minus 0.4%. The effect of the distance of Lp can be converted to the variation of temperature. Fig. 8 shows the percentage deviation of the temperature in three locations under constant heat flux condition in the inner surface of the wall. It can be noted that the maximum deviation appears in the inner surface (Lp = 0 mm). The maximum value is less than 1.0% when the heat flux is 10 MW/m 2 , which is greater than the heat fluxes generated in our experiments. In conclusion, the measurement error of the heat flux is less than plus or minus 1.4% in total.
Effect of the measured data filtering
In this work, the measured temperatures are smoothed by the filtering method of Butterworth. The main factor that affect the smoothed results is the cut-off frequency. Figure 9 (a) shows the temperatures processed by the Butterworth's method with different cut-off frequency. It can be noted that the data fluctuation increases with the cut-off frequency while the curve is smooth enough when the cut-off frequency is less than 10 Hz. Meanwhile, there is about a lag of 0.1 seconds for the temperature data in the condition of 2 Hz. Figure 9 (b) shows the results of the heat flux by the mentioned method with the smoothed temperature data. The fluctuation range increased with the cut-off frequency and a deviation appears when the cut-off frequency is 2 Hz accordingly. Therefore, the cut-off frequency of 4 Hz is utilized for the data filtering in this study.
(a) Temperature (b) Heat flux Fig. 9 The effect of the cut-off frequency.
Characteristics of transient heat flux
The single-point method is compared with the two-point methods used in (Coy, 2008) in this part. The two-point method is usable when the temperature histories at two points with different distances to the inner surface have been measured. In order to verify the single-point method, a separate test with four groups (group I to IV) has been conducted prior to the test campaign. In the prepositive testes, the components of the experimental combustion chamber are same as those shown in Fig. 2 , and a heat-sink cylindrical segment with a length of 120 mm was utilized. The axis coordinates of the pairs of thermocouples I to IV are -100 mm, -75 mm, -50 mm, and -25 mm, respectively. All the thermocouples were located in Line 1. The operating condition of Case 5 was utilized during the testes. Fig. 10 shows the schematic of the pair of thermocouples. Based on this construction, the wall temperatures at two points (Point 1 and Point 2) which are considered located in the same axial position can be measured. The distances of the measured points to the inner surface are referred to the result obtained in (Coy, 2008) that the optimum value of the distance ratio for the two-point method is 2.3 to 2.5. Two heat flux curves can be obtained in one pair by the single-point method because two temperature histories can be used with a thermocouple pair. Fig. 11 shows the comparison of the pair I. In the Fig. 11, ̇1 represents the heat flux in Point 1 obtained by the single-point method; ̇2 represents the heat flux in Point 2 obtained by the singlepoint method; ̇0 represents the heat flux obtained by the two-point method provided in (Coy, 2008) .
For the curves of temperature-time shown in Fig. 11 , two main gradients can be recognized: a steeper stage in the first second and a smoother stage in the remaining firing time. The temperature discrepancies increased as time increased in the steeper stage, while the value in the smoother stage are approximately constant. The heat flux curves can be divided into three main stages during a hot-run test. The values are rising rapidly in the first stage before the chamber pressure reaching the steady values, and the heat flux remains nearly unchanged in the second stage when the chamber works in a steady operation before shutdown. These findings are understandable because the heat flux from hot gas to wall is positively correlated with the temperature discrepancies when the physical property of solid material considered constant (Marshall et al., 2002) . For the last stage of shutdown, the heat flux falls gradually. Results in Fig. 11 show that the heat flux obtained by the single-point method agrees well with that obtained by the two-point method. In order to make quantitative comparison between the two methods, the average heat fluxes during the time of ta are calculated. Table 4 shows the relative difference between the average heat fluxes of the single-point method and the two-point method. From Table 4 , it can be observed that the maximum relative differences are less than 5%. Meanwhile, it can be noted that the results obtained by the single-point method are slightly smaller than those obtained by the two-point method. The temperature measured in experiment would be less than the value in adiabatic boundary condition for the outside wall because the outer surface temperature of the heat-sink chamber would rise as time during the hot tests, which results in the enhancement of convective heat transfer through outer surface. Using the experimental temperature histories as input parameters of the single-point method, the obtained heat flux would be relatively small accordingly. These results suggest that the single-point method can be substitute for the two-point method when the experimental conditions of the two-point method is unavailable, for example, the temperature data in one of the point is not accessed. The heat flux slightly decreased as time increased during the hot-run time in part A, which agrees with the change tendency obtained in (Celano et al, 2014) . The same change trend is demonstrated in Fig. 12 for the nozzle throat when the rising step in the first second is neglected. This occurrence is understandable for the temperature of the inner wall would be increased as hot-run time. Therefore, the temperature discrepancies between the inner wall and the hot gases, as well as the heat flux, decreased as the hot-run time increased.
From Fig. 12 , it can be observed that the transient heat fluxes in the convergent and divergent nozzle show similar change tendency that the heat flux increased with time in the steady stage for pressure, which is contrary to that in the chamber segment. The reason for this could be that the heat flux in axial direction is remarkable and increasing with time. The heat flux caused by temperature discrepancies of the axial direction produces a large component for the final results both in the convergent and divergent nozzle sections, because the maximum temperature of the nozzle appears in the throat. The results obtained by the single-point method in the convergent and divergent nozzle are slightly lower than actual values because the contribution of the axial heat conduction is treated as a part of heat in the radial direction. The modified two-dimensional method would be utilized in our subsequent experiments when more sufficient data in the nozzle segment along the axial direction is acquired, while only one measured point each for the convergent and divergent nozzle was designed in present experiments due to space and thermocouple structure limitation. 
Average heat flux distribution
In order to quantify the heat flux distribution in the inner wall at the steady stage for pressure, the average heat fluxes during the time of ta (see Fig. 11 ) are processed by the single-point method, which are calculated as the process used in Table 4 . For comparison, the average heat fluxes are also obtained by the method proposed in (Celano et al., 2016) , including the method based on the energy balance of the solid (Energy balance method) and the method by calculating the average accumulated heat during the entire firing time (Heat accumulation method).
In the energy balance method, the temperature gradients in the wall are considered to be same in all radial positions, and the average temperature gradient in the time internal of t2 (see Fig. 4 ) is utilized as the integral value. Applying the adiabatic boundary condition for the outer surface, the heat balance equation for the wall materials with unit axial length can be written as:
In the heat accumulation method, the accumulated heat of the wall during the entire firing time can be represented by the heat input from the inner surface when the heat loss through the outer surface is negligible. The heat difference in the time internal of t3 and t1 (see Fig. 4 ) are used to calculated the accumulated heat: From Fig. 13 , it can be observed that the values with all methods fall in the same order of magnitude while the larger difference appears in the nozzle segment. The minimum and maximum heat fluxes are obtained by the single-point method and the heat accumulation method, for each measured point in the same operating condition, respectively. These findings are understandable because the methods in (Celano et al., 2016) are based on some assumptions: the energy balance method considers that the temperature gradient in all solid domains is the same in hot-run time interval t2, and the heat accumulation method, assumes that the solid domains maintain the same temperature in the time interval t3. The calculated heat flux would be larger than the actual value because the measured points are located in small distance (1 mm) to the inner surface where the temperature gradient and temperature after shutdown are larger than the mean value of the domain. Fig. 13 indicates that more reasonable heat fluxes could be obtained by the single-point method while the values obtained by the method in (Celano et al., 2016) are on the conservative side. The energy balance method can be used to estimate the average heat flux for a fast calculation approach because the average heat fluxes obtained by the energy balance method have small differences to those by the single-point method and the results are acquired directly through reading the temperature data without iterative calculation. 
Average heat flux and wall temperature in different work time condition
The single-point method is used to obtain the average heat flux in this section. The results in several operating conditions are obtained, including different work time and chamber pressure conditions. Fig. 14 illustrates the average heat flux along the thrust chamber in line 1 and line 2. A typical distribution of heat flux in thrust chamber is shown, which is consistent with the results shown in (Negishi et al., 2008) and (Oliver et al., 2009 ). In the cylindrical segment, the heat fluxes are little fluctuation with the axial distance ranges. In the nozzle segment, the values are higher than those in the cylindrical segment and increase sharply to the maximum in the throat. The heat flux of line 1 is higher than that in line 2. This suggests that the heat flux is not uniform in the circumferential direction. The layout of the injector elements gives rise to the inhomogeneity of the heat flux. In general, the flame from the elements would generate high temperature of the hot gases closed to the wall, as well as the heat flux transfer from the hot gases to the wall. Therefore, the heat fluxes in Line 1 would be higher than those in Line 2.
The correlation between the average heat flux and work time is presented with remarkable regularity. There is a positive correlation in the nozzle segment and a negative correlation in the cylindrical segment, except for the individual data of Case 1 with color fill in Fig. 14(a) . These findings are understandable in consideration of the characteristic of transient heat flux. As Fig. 12 shown, the opposite change tendency also can be seen in the cylindrical and nozzle segments. The explanation for this has been discussed in section 3.1. With a maximum value in the throat of nozzle, the distributions of temperature rise are similar to the heat flux shown above. The throat region is characterized by severe temperature, so that more sufficient cooling is required during the hot run. It can be seen that the temperature rise of inner wall increased as work time increased for all experimental locations. This is understandable for the transient heat conduction process. Meanwhile, the temperature rises in line 1 are larger than those in line 2 at almost all axial positions. The differences are larger at the positions close to the injector head. These results indicate that multielement injectors affected the distribution of thermal loads in the downstream of injector plane, including the throat region. The thermal loads of the wall in the near-injector region will be investigated in our subsequent experiments. Fig. 16 shows the axial variations of wall heat flux of the thrust chamber in different pressure conditions. It can be noted that the heat flux increased as chamber pressure increased in experiments. There is a peak of heat flux in line 1 while it is not appeared in line 2. These data are consistent with the findings shown in (Marshall et al., 2005) and (Mauritz and William, 2010) about the peak of heat flux. One reason for this may be that the flame generated by the outer circle injector impinge on the hot side wall at a distance from the injector head.
Average heat flux in different chamber pressures
The relation between the heat flux ̇ and the chamber pressure Pc can be derived with Barz Equation (Bartz, 1957 ) that ̇ increased in proportion to Pc 0.8 . Fig. 17 shows the axial variations of the heat flux ̇ multiplied by (Pc, Case 5/ Pc) 0.8 . It can be observed that the heat flux scaled with pressure to the power 0.8 is approximately equal at each point for all pressure levels. The results demonstrate that it is feasible to predict the heat flux in high pressure combustion chamber with a lower chamber pressure experiment while the contraction ratio, the mixture ratio, and the types of propellants remain the same in consideration of the safety and economy. 
Conclusions
In this study, an experiment has been performed to obtain the heat load distributions of the inner wall in a heat-sink combustion chamber. The single-point method is carried out to measure the heat flux, consequently. The transient variations and average heat flux have been investigated by the single-point method and other mentioned methods. The experimental results may help obtain the transient characteristics of the wall heat flux and uncover the regularities of heat loads distribution in different work time and pressures. Based on the results, the conclusions can be described as follows.
(1) With the present experiment system, reliable tests can be achieved in various operating conditions, and reliable results of heat flux can be obtained by the single-point method modified in this study. Comparing the single-point method with the two-point method, a high-level agreement of heat flux was achieved. The single-point method is feasible and effective for transient heat flux measurement in heat-sink combustion chamber.
(2) For the transient heat flux, reverse tendency was recognized: the heat flux decreases as time in the chamber and increases as time in the convergent and divergent nozzle. The transient characteristic of the heat flux obtained in this paper may provide the boundary condition for the subsequent thermal-structural analysis of thrust chambers.
(3) The average heat fluxes obtained by the single-point method, the method based on the energy balance, and the method based on heat accumulation were in the same order of magnitude. The method based on the energy balance may be used as a fast calculation approach to conservatively estimate the average heat flux.
(4) A typical distribution of heat flux in thrust chamber can be obtained in present experimental conditions. The results obtained in various work time conditions suggest that the heat flux and wall temperature rise in circumferential direction are not uniform with multi-element injector. The distribution of average heat flux in various chamber pressure conditions shown similar pattern in the axial direction. Good uniformity was achieved in experimental conditions when scaling the heat flux with pressure to the power 0.8. This validation shows that it is feasible to predict the heat flux in higher pressure chamber with experiments in a lower pressure condition.
